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Abstract
Dirac equation describes the dynamics of a relativistic spin-1/2 particle regarding its spatial
motion and intrinsic degrees of freedom. Here we adopt the point of view that the spinors describe
the state of a massive particle carrying two qubits of information: helicity and intrinsic parity.
We show that the density matrix for a gas of free fermions, in thermal equilibrium, correlates
helicity and intrinsic parity. Our results introduce the basic elements for discussing the spin-parity
correlation for a Fermi gas: (1) at the ultra-relativistic domains, when the temperature is quite
high, T > 1010 K, the fermions have no definite intrinsic parity (50% : 50%), which is maximally
correlated with the helicity; (2) at very low temperature, T ≈ 3 K, a unique parity dominates
(conventionally chosen positive), by 1020 to 1, while the helicity goes into a mixed state for spin
up and down, and the quantum correlation decoheres. For the anti-fermions we get the opposite
behavior. In the framework of quantum information, our result could be considered as a plausible
explanation of why we do accept, as a fact (consistent with the experimental observation), that
fermions (and anti-fermions), in our present epoch of a cool universe, have a unique intrinsic parity.
The framework for constructing spin-parity entangled states is established.
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I. INTRODUCTION
Dirac invented his relativistic equation in order to explain the quantum properties of
the electron (spin 1/2) in the relativistic framework: the equation had to (a) display the
formula E2p = p
2 + m2 as the eigenenergy of a particle in free motion (with ~ = c = 1); (b)
be covariant under a Lorentz transformation that links the particle dynamical properties
between two inertial frames. Dirac found that the sound equation had to be expressed,
necessarily, in terms of 4× 4 matrices. Its more familiar form is i∂Ψ (~x, t) /∂t = HDΨ (~x, t),
with the Hamiltonian being linear in the momentum ~p,
HD = ~α · ~p+mβ, (1)
and the 4× 4 matrices ~α ≡ (αx, αy, αz) and β, have to satisfy forcefully the relations
αkαl +αlαk = 2Iδkl, ~αβ + β~α = 0, β
2 = I, (2)
with I for the unit matrix (in Dirac’s book [1], instead of ~α we find a 4 × 4 matrix ρ1
multiplying the 4×4 direct product of Pauli matrices ~σ ≡ (σx, σy, σz)). An usual approach
consists in the introduction of the chiral representation, where the components of the matrix
vector, (I, ~σ) = σ and (I,−~σ) = σ˜, are respectively in contravariant and covariant forms,
in the same fashion that one has (xµ) = (t, −~x) and (xµ) = (t, ~x) [2]. The state vector
solution to the Dirac equation can be written as the sum,
Ψ (x) =
 ψL (x)
0
+
 0
ψR (x)
 , (3)
of left and right chiral spinors
ψL (x) =
 ϕL1 (x)
ϕL2 (x)
 , ψR (t) =
 χL1 (x)
χL2 (x)
 ,
and x ≡ (~x, t), 0 ≡ (0
0
)
. From Dirac equation plus Eq. (1) and (3) one constructs two
coupled differential equations for the spinors ψL (x) and ψR (x),
iσ˜µ∂µψL (x)−mψR (x) = 0,
iσµ∂µψR (x)−mψL (x) = 0,
2
whose Lagrangian is [2] (omitting the explicit dependence on x),
L = iψ†Lσ˜µ∂µψL + iψ†Rσµ∂µψR −m
(
ψ†LψR + ψ
†
RψL
)
. (4)
Interestingly, the Dirac equation allows a different insight when written in terms of direct
(or Kronecker) products of Pauli matrices. So, daring to interpret quantum mechanics as a
special kind of information theory for particles and fields [3, 4], in the language of quantum
information we may say that the relativistic equation of a spin-1/2 fermion has as solution a
state of two qubits (two degrees of freedom) carried by a massive particle whose dynamical
evolution in space is represented by a continuous variables that may be the position or the
linear momentum [5, 6]. Hereon we will choose the linear momentum representation (as
a c-number) instead of using the position operator −i~∇, since we are not introducing a
position dependent potential in the Hamiltonian. One can appreciate that fact by writing
the matrices ~α and β in terms of tensor products of Pauli matrices
~α = σ(1)x ⊗ ~σ(2), ~α · ~p = σ(1)x ⊗
(
~p · ~σ(2)) , and β = σ(1)z ⊗ I2, (5)
where the upperscripts 1 and 2 refer to qubits 1 and 2, respectively. Thus we write the
Dirac Hamiltonian (1) in terms of the direct product of two-qubit operators, HD = σ
(1)
x ⊗(
~p · ~σ(2))+mσ(1)z ⊗ I2, and the two solutions to Dirac equation are
|Ψs(~p, t)〉 = ei(−1)s Ep t |ψs(~p)〉 = ei(−1)s Ep tNs (p)
×
[
|+〉1 ⊗ |u(~p)〉2 +
(
p
Ep + (−1)s+1m
)
|−〉1 ⊗
(
pˆ · ~σ(2) |u(~p)〉2
)]
, (6)
where s = 0 and 1 stand respectively for negative and positive energy solutions, ~p = p pˆ,
with |pˆ| = 1. The state |u(~p)〉2 is a spinor representing the spatial motion of the free fermion
(u(~p) in the momentum representation) coupled to its spin, which describes a structureless
magnetic dipole moment. For qubit 1 the kets, |+〉1 and |−〉1, are identified as the intrinsic
parity eigenstates of the fermion. The states are orthogonal, 〈±| ± (∓)〉1 = 1(0). For the
inner product we get 〈Ψs(~p, t)|Ψs(~p, t)〉 = 〈u(~p)|u(~p)〉2, with the normalization factor
Ns(p) =
1√
2
(
1 + (−1)s+1 m
Ep
)1/2
, (7)
and we also assume that the local probability distribution for the momenta is normalized,∫
d3p 〈u(~p)|u(~p)〉2 = 1. Thus the spinors and 4×4 matrices stand for the the direct product
of the intrinsic degrees of freedom of a massive spin-1/2 fermion, parametrized by the linear
3
momentum ~p, on free motion in space. Since HD |ψs (~p)〉 = (−1)s+1Ep |ψs (~p)〉, one has
(HD)
2 |ψs (~p)〉 = E2p |ψs (~p)〉 that leads to Einstein’s dispersion relation p2 + m2 = E2p .
As so, the state (6) has no definite intrinsic parity, qubit 1 is in a superposition of both
eigenstates.
The total parity operator Pˆ acts on the Kronecker product |±〉1 ⊗ |u(~p)〉2 as
Pˆ (|±〉1 ⊗ |u(~p)〉2) = ± (|±〉1 ⊗ |u(−~p)〉2); indeed it is the product of two operators, the
intrinsic parity Pˆ int (having two eigenvalues, Pˆ int |±〉 = ± |±〉) and the spatial parity Pˆ sp
(Pˆ spϕ (~p) = ϕ (−~p)). Thus, Pˆ int = β = σ(1)z ⊗ I(2) applies on |Ψs(~p, t)〉, Eq. (6 ), and it
follows that Pˆ−1 = Pˆ . Regarding the spatial parity operator
Pˆ sp
 ~r~p
 Pˆ sp = −
 ~r~p
 , Pˆ sp
 ~l~σ
 Pˆ sp = +
 ~l~σ
 ,
the + (−) sign stands for axial (polar) vectors. Complementarily, the γ-matrices are γ0 =
β = σ
(1)
z ⊗ I(2), γi = iσy ⊗ σi , i = 1, 2, 3, and γ5 = iγ0γ1γ2γ3 = σ(1)x ⊗ I(2).
II. CORRELATION BETWEEN THE INTRINSIC DEGREES OF FREEDOM
There is an asymmetry between the two terms within the brackets in the solution (6):
the first one represents the limit for the non-relativistic state of a spin 1/2 free fermion,
namely, the solution to the Schro¨dinger equation, while the second term is responsible for
the relativistic effect (containing the helicity operator pˆ ·~σ2). Due to the correlation between
the parity and helicity qubits, a hypothetical measurement that results in qubit |+〉1 would
reduces the Dirac solution to the non-relativistic Schro¨dinger equation while if the result
of the measurement is qubit |−〉1 the solution is reduced to the purely relativistic term.
However, there is no hint that the nature selects one of the two components under any kind
of measurement. Nevertheless, as we are going to see below, for an ensemble of fermions in
contact with a thermal reservoir, one intrinsic parity eigenstate will be selected naturally as
an effect of cooling.
The helicity eigenvalue equation pˆ · ~σ |Ω±〉 = ± |Ω±〉 has orthogonal eigenstates
|Ω+〉 = cos (θ/2) |↑〉+ eiφ sin (θ/2) |↓〉 ,
|Ω−〉 = sin (θ/2) |↑〉 − eiφ cos (θ/2) |↓〉 ,
4
(〈Ω+|Ω+〉 = 〈Ω−|Ω−〉 = 1, 〈Ω+|Ω−〉 = 0) where the angles θ and φ determine the direction
of pˆ (on a spherical surface of radius 1 the tips of the versors pˆ and −pˆ are localized by the
angles Ω+ ≡ (θ, φ) and Ω− ≡ (pi − θ, φ+ pi)) and the kets |↑〉, |↓〉 stand for
(
1
0
)
and
(
0
1
)
. So,
the spinor |u(~p)〉2 can be written as the superposition
|u(~p)〉 = A(~p) |Ω+〉+B(~p) |Ω−〉 , (8)
(we omit the subscript 2) where |A(~p)|2 + |B(~p)|2 is the density distribution of the linear
momentum. The spinor (8) correlates the linear momentum (a c-number) to the helicity
eigenstates, however, for simplicity, we are going to assume that the linear momentum is
not correlated to the helicity, therefore
A(~p) = ϕ(~p) cos (χ) , B(~p) = ϕ(~p)eiµ sin (χ), (9)
where a mixing angle, χ ∈ [0, pi], and a relative phase, µ ∈ [0, 2pi), have been introduced.
The helicity sector of the Dirac equation solution will make use of the spinors
|u±(~p)〉 = ϕ(~p) |h±〉 , (10)
with
|h+〉 ≡ |h〉 = cos (χ) |Ω+〉+ eiµ sin (χ) |Ω−〉 ,
|h−〉 ≡ pˆ · ~σ |h〉 = cos (χ) |Ω+〉 − eiµ sin (χ) |Ω−〉 , (11)
that are normalized 〈h±|h±〉 = 1, however they are orthogonal only for χ = pi/4, because
〈h+|h−〉 = cos (2χ). It is worth noting that doing the changes χ→ pi−χ and φ→ φ+ pi we
get |h+〉 → − |h−〉. For a normalized linear momentum distribution,
∫
d3p |ϕ(~p)|2 = 1, one
has ∫
d3p 〈u±(~p)|u±(~p)〉 = 1, (12)
and ∫
d3p 〈u+(~p)|u−(~p)〉 = cos (2χ). (13)
The simplified form of the time-independent component of Eq. (6) becomes∣∣ψ(s)(~p)〉 ≡ ϕ(~p) |ηs(p)〉 , (14)
where
|ηs(p)〉 = Ns(p)
(
|+〉1 ⊗ |h+〉2 +
p
Ep + (−1)s+1m |−〉1 ⊗ |h−〉2
)
, (15)
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with 〈ηs(p)|ηs(p)〉 = 1, and the pure state density matrix is
ρ
(s)
12 (~p) =
∣∣ψ(s)(~p)〉 〈ψ(s)(~p)∣∣ = |ϕ(~p)|2 |ηs(p)〉 〈ηs(p)| . (16)
Calculating the trace over the qubits the result is Tr12
[
ρ
(s)
12 (~p)
]
= |ϕ(~p)|2, thus∫
d3pTr12
[
ρ
(s)
12 (~p)
]
= 1.
For an ensemble of free fermions interacting with a thermal environment at tempera-
ture T , we identify the probability density |ϕ(~p)|2 with a normalized distribution function
isotropic in the linear momentum,
∫
d3p f(p, T ) = 1. Integrating Eq. (16) over the linear
momentum, the reduced density matrix becomes
ρ
(s)
12 =
∫ ∞
0
dp p2 f(p, T )
(∫
dΩ |ηs(p)〉 〈ηs(p)|
)
, (17)
where we omit the subscripts 1 and 2 in the right-side. As the dependence on the solid angle
Ω is exclusively relegated to the helicity states |Ω±〉, we get∫
dΩ |Ω±〉 〈Ω±| = 1
2
I
(∫
dΩ
)
,∫
dΩ |Ω±〉 〈Ω∓| = pi
8
σz
(∫
dΩ
)
, (18)
where I = |↑〉〈↑| + |↓〉〈↓| and σz = |↑〉〈↑| − |↓〉〈↓| from which, by Eq. (11), one obtains(∫
dΩ
)−1 ∫
dΩ |h±〉〈h±| = n± |↑〉 〈↑|+ n∓ |↓〉 〈↓| ,
with real coefficients
n± =
1
2
± pi
8
sin (2χ) cos (µ),
and (∫
dΩ
)−1 ∫
dΩ |h±〉〈h∓| = n˜∓ |↑〉 〈↑|+ n˜± |↓〉 〈↓| ,
with complex coefficients
n˜± =
1
2
cos (2χ)± ipi
8
sin (2χ) sin (µ),
noting that n+ + n− = 1, n˜+ + n˜− = cos (2χ) and (n˜−)
∗ = n˜+.
The reduced density operator (17) becomes
ρˆ
(s)
12 = M
s
++ (T ) [|+〉 〈+| ⊗ (n+ |↑〉 〈↑|+ n− |↓〉 〈↓|)]
+M s−− (T ) [|−〉 〈−| ⊗ (n− |↑〉 〈↑|+ n+ |↓〉 〈↓|)]
+M s+− (T ) [|+〉 〈−| ⊗ (n˜− |↑〉 〈↑|+ n˜+ |↓〉 〈↓|) ,
+ |−〉 〈+| ⊗ (n˜+ |↑〉 〈↑|+ n˜− |↓〉 〈↓|)] , (19)
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where we defined the coefficients
M s++(T ) =
∫
d3p f(p, T ) N2s (p),
M s−−(T ) =
∫
d3p f(p, T ) N2s (p) g
2
s (p,m),
M s+−(T ) =
∫
d3p f(p, T ) N2s (p) gs (p,m), (20)
with M s++ (T ) + M
s
−− (T ) = 1, N
2
s (p) (1 + g
2
s (p,m)) = 1, and gs (p,m) =
p/ (Ep + (−1)s+1m).
As we admitted that qubit 1 stands for the intrinsic parity of the fermion, we get the
correlation density operator for helicity and intrinsic parity as suggested many years ago
by T. D. Lee and C. N. Yang [7], in an ad-hoc procedure. In that case (c. f. Eq. (23)
from Ref. [7]) the density matrix describes a coherent collection of spinorial particles that
exhibit spin and parity as correlated quantum features, through which a suitable interference
phenomena between parity doublets is identified. Furthermore, setting q = p/T the Fermi-
Dirac distribution can be written as [8–11]
f(p, T ) =
1
6piζ(3)
1
T 3
(eq + 1)−1 , (21)
where we have set the Boltzmann constant k = 1 and ζ(3) ≈ 1.202 is a Riemann zeta
function. The coefficients (20)) can be calculated numerically,
M s++(Tm) =
1
3ζ(3)
∫ ∞
0
dq q2
(
1 + (−1)s+1 1√
1 + T 2m q
2
)
1
eq + 1
,
M s−−(Tm) =
1
3ζ(3)
∫ ∞
0
dq q2
(
1 + (−1)s 1√
1 + T 2m q
2
)
1
eq + 1
, (22)
M s+−(Tm) =
1
3ζ(3)
∫ ∞
0
dq
Tm q
3√
1 + T 2m q
2
1
eq + 1
,
with kT/mc2 −→ Tm = T/m (temperature per unit mass with k = c = 1). In Table I we
present the values of the M sij for different temperatures.
While at very high temperature Tm > 10
2 (for electrons [16], it corresponds to T >
1012K) we have M s++(Tm) ≈ M s−−(Tm) ≈ M s+− (Tm) ≈ 0.5, the coefficients take, nearly,
the same values independently of s; the gas has an equilibrated distribution of intrinsic
parity for fermions (s = 1) and for antifermions (s = 0). As the temperature reduces,
the distributions change. For instance, at Tm = 10
−2 (T = 108K) and s = 1, the gas is
7
Tm M
1
++(Tm) = M
0−−(Tm) M1−−(Tm) = M0++(Tm) M1+− = M0+−
105 0.500 00 0.500 00 0.500 00
102 0.502 28 0.497 72 0.499 99
10 0.522 64 0.477 36 0.499 12
1 0.685 87 0.314 13 0.452 46
10−1 0.972 98 2. 702 1× 10−2 0.144 65
10−2 0.999 68 3. 227 5× 10−4 1. 574 1× 10−2
10−5 1. 000 0 3. 234 9× 10−10 1. 575 7× 10−5
10−10 1.0000 3. 234 9× 10−20 1. 575 7× 10−10
10−12 1.0000 3. 234 9× 10−24 1. 575 7× 10−12
TABLE I: Temperature per unit mass and the values of the coefficients in Eqs. (22).
Tm M
1
++ −M1−− M0++ −M0−−
105 0 0
102 0.004 56 −0.004 56
10 0.045 28 −0.045 28
1 0.371 74 −0.371 74
10−1 0.945 96 −0.945 96
10−2 0.999 36 −0.999 36
≤ 10−5 1 −1
TABLE II: Temperature per unit mass and the difference between coefficients in Eqs. (22).
constituted, overwhelmingly, by positive parity fermions, while for s = 0 it is, mostly, made
of negative parity antifermions. The transition probabilities M1+− and M
0
+− are the same at
any temperature, and they vanish as the gas cools down. In Table II we give the differences
between the M sij
In Fig. 1 we have drawn the coefficients M1ij (for fermions) as function of Tm, that contain
the amount of correlation between spin and intrinsic parity of a Fermi gas embedded in a
thermalized environment. Now we speculate about the meaning of the results. Focusing our
attention on the cosmological scenario, the temperature of the universe is a parameter that,
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roughly, parallels the evolution in time: after the initial surge of a very hot and compact
seed of energy, the radiation dominated universe expands and cools down, still keeping
the thermalized blackbody frequency distribution. The higher (lower) the temperature the
earlier (later) is its age and size, T ∝ 1/a(t) where a(t) is the expansion parameter. At
quite high temperatures, Tm  1, or T  mc2/k (for electrons T  6 × 109 K), the
coefficients M1++, M
1
−− and M
1
+− are close to 0.5, while as Tm −→ 0, M1++ . 1 and M1−−,
and M1+− go to zero. Thus, at early times, when the universe was quite hot, the fermions (and
also antifermions) existed with positive and negative intrinsic parity (M1++ ≈ M1−− ≈ 0.5),
whereas the transition amplitudes, from positive to negative parity, and vice versa, were
almost the same. As the universe gone expanding the temperature was reducing, then one
parity (positive) began to dominate over the other, M1++ −→ 1, M1−− −→ 0), and the
transition amplitude M1+− −→ 0 was reducing too, so the negative parity fermions became
scarcer. As the universe cooled further, say at Tm = 3×10−10 (3K) for s = 1, the fraction of
negative to positive parity fermions became 10−20, while the inverse comes out for the s = 0
antifermions. At the present epoch the positive parity fermions dominate, constituting the
building blocks of the observed universe, while those having negative parity are reduced to
almost beyond observation.
By its turns if we consider the negative energy solution (s = 0 ), for the antifermions,
the inverse occurs, negative parity prevails at low temperature while the positive parity
fermions become quite scarce. So after our calculations the separation between positive
parity fermions and negative parity antifermions in the present cold universe finds a plausible
explanation.
III. CHARGE CONJUGATION
The charge conjugation operation changes matter into antimatter and it is represented by
the operator is Cˆ = −iγ2K ≡
(
σ
(1)
y ⊗ σ(2)y
)
Kˆ, where Kˆ stands for the complex conjugation
operator and Cˆ−1 = −Cˆ. It transforms a Dirac spinor as ∣∣ΨCL (~p, t)〉∣∣ΨCR (~p, t)〉
 ≡ Cˆ
 |ΨL (~p.t)〉
|ΨR (~p, t)〉
 =
 −iσ(2)y |Ψ∗R (~p, t)〉
iσ
(2)
y |Ψ∗L (~p, t)〉
 .
Thus a state is invariant under Cˆ operation whenever
∣∣ΨCL (~p, t)〉 = −iσ(2)y |Ψ∗R (~p, t)〉 and
9
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FIG. 1: Density matrix coefficients Mij as a function of the temperature parameter Tm.
∣∣ΨCR (~p, t)〉 = iσ(2)y |Ψ∗L (~p, t)〉. Applying Cˆ on (6) one obtains ∣∣ΨCL (~p)〉∣∣ΨCR (~p)〉
 = Cˆ
 |u(~p)〉2(
p
Ep+(−1)sm
)
(pˆ · ~σ2 |u(~p)〉2)

=
 −( pEp+(−1)s+1m) iσ(2)y (pˆ · ~σ∗2 |u∗(~p)〉2)
iσ
(2)
y |u∗(~p)〉2
 ,
implying also the change s −→ s+ 1. Now, applying Cˆ−1 on the right and Cˆ on the left of
state (19), the coefficients do not change, while |±〉 −→ |∓〉 and |↑↓〉 −→ |↓↑〉, thus Cˆρˆ(s)12 Cˆ−1
differs from ρˆ
(s)
12 by the following interchanges M
(s+1)
++ (T )  M (s+1)−− (T ) and n˜+  n˜−, or,
fermion (ρˆ
(1)
12 ) and antifermion (Cˆρˆ
(0)
12 Cˆ
−1) interchange their role.
IV. THE DENSITY MATRICES
The parity-helicity density matrix is
ρˆ
(s)
12 =

n+M
s
++ (Tm) 0 n˜−M
s
+− (Tm) 0
0 n−M s++ (Tm) 0 n˜+M
s
+− (Tm)
n˜+M
s
+− (Tm) 0 n−M
s
−− (T ) 0
0 n˜−M s+− (Tm) 0 n+M
s
−− (Tm)
 (23)
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from which we verify that, under the Peres-Horodecki criterion [12, 13], there is no entangle-
ment between intrinsic parity and helicity since the partially transposed matrix,
(
1ˆ× Tˆ
)
ρˆ
(s)
12 ,
coincides with ρˆ
(s)
12 . The eigenvalues of ρˆ
(s)
12 are
λ
(s)
1 =
1
2
(
n−M s++ + n+M
s
−−
)
+
1
2
√
(n−M s++ − n+M s−−)2 + 4n˜+n˜− (M s+−)2,
λ
(s)
2 =
1
2
(
n−M s++ + n+M
s
−−
)− 1
2
√
(n−M s++ − n+M s−−)2 + 4n˜+n˜− (M s+−)2,
λ
(s)
3 =
1
2
(
n+M
s
++ + n−M
s
−−
)
+
1
2
√
(n+M s++ − n−M s−−)2 + 4n˜−n˜+ (M s+−)2,
λ
(s)
4 =
1
2
(
n+M
s
++ + n−M
s
−−
)− 1
2
√
(n+M s++ − n−M s−−)2 + 4n˜−n˜+ (M s+−)2.
that we shall use bellow. We have omitted the explicit dependence on Tm. The reduced
normalized state for the intrinsic parity is
ρˆ
(s)
1 = Tr2ρˆ
(s)
12
= M s++ |+〉 〈+|+M s−− |−〉 〈−|+M s+− cos (2χ) (|+〉 〈−|+ |−〉 〈+|) (24)
where the nondiagonal term stands for the transition probabilities (|+〉 |−〉),∣∣∣〈±| ρˆ(s)1 |∓〉∣∣∣2 = (M s+− (Tm))2 cos2 (2χ), so the strength of a transition depends on the mix-
ing angle χ. As the Fermi gas cools, limTm−→0M
s
+− (Tm) −→ 0 , independently of the value
of s and χ, so the state decoheres at a lower rate than it takes for the system to reduce
the negative (M1−−(Tm)) or positive parity (M
0
++(Tm)) contribution to the mixture. For
Tm = 10
−2 we find M1−− (Tm) /M
1
+− (Tm) ≈ 10−2. The eigenvalues of intrinsic parity state
(24) are
λ
(s)
± =
1
2
± 1
2
√
(M s++ (Tm)−M s−− (Tm))2 + (2M s+− (Tm) cos (2χ))2.
By its turn, the normalized density operator for the helicity is diagonal
ρˆ
(s)
2 = Tr1ρˆ
(s)
12 = H
s
++ |↑〉 〈↑|+Hs−− |↓〉 〈↓|
and the coefficients are
Hs++ =
1
2
+
pi
8
sin (2χ) cos (µ)
(
M s++ (Tm)−M s−− (Tm)
)
, (25)
and
Hs−− =
1
2
− pi
8
sin (2χ) cos (µ)
(
M s++ (Tm)−M s−− (Tm)
)
. (26)
For χ = npi
2
or µ =
(
m+ 1
2
)
pi, n,m = 0, 1, 2, ..., Hs++ = H
s
−− = 1/2, therefore, there is
no natural preference for any helicity direction, neither a dependence on the temperature.
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FIG. 2: Mutual information I12(Tm) as a function of the temperature parameter Tm. The plots
are for several choices of the mixing angle χ. Different lines represent different phases: µ = 0
(black), pi/4(red), and pi/2 (blue). For each χ and for different µ, the curves show very tiny mutual
deviations from each other. I12(Tm) decreases to zero at the non-relativistic (Tm → 0) limit and
increases to its maximal value at the ultra-relativistic (Tm  1) regime.
For χ = pi
4
or µ = 0, and s = 1, the probabilities are unbalanced and show a dependence on
the temperature, H1++ > H
1
−−, since at low temperatures
∣∣M1++ (Tm)−M1−− (Tm)∣∣ ≈ 1, see
Table II. In the present epoch the helicity does not show any directional preference for the
fermions, they are found in positive and negative helicity equally likely, so µ = pi/2 is the
most plausible choice for any value for the mixture angle χ and temperature Tm.
The von-Neumann entropy of a density operator ρˆ is defined as H(ρˆ) = −∑j kj ln (kj),
where kj are the eigenvalues, thus we calculate the mutual information between intrinsic
parity and helicity as
I12(Tm) = H(ρˆ(s)1 ) +H(ρˆ(s)2 )−H(ρˆ(s)12 ), (27)
for several values of the mixture angles χ and the phase µ, as depicted in Fig. 2.
The variation of µ implies into some very tiny mutual deviations from each other at
the transition regime (from UR to NR), i.e., µ has not any relevant qualitative effect onto
the mutual information between parity and helicity, thus reinforcing our previous hint for
the choice µ = 0. As expected, the mutual information I12(Tm) is insignificant at low
12
temperature, Tm → 0, while it is maximal for Tm  1.
V. SUMMARY AND CONCLUSIONS
It is common knowledge [15] that at the very early universe (T ≥ 1012 K) the photons
had enough energy to become electron-positron pairs, so electrons and positrons existed in
thermal equilibrium with the radiation. At about 400 000 years after the Big Bang there is
change, radiation is free to pass through the universe as its expansion changes it from opaque
to transparent. As the universe expanded it cooled, and when the temperature reduced to
≈ 109 K photons had not enough energy to create e−− e+ pairs, so electrons and positrons
were no longer in thermal equilibrium but radiation acquired a thermalized blackbody dis-
tribution. A fundamental question is: why matter (positive intrinsic parity) eventually
dominated over anti-matter (negative intrinsic parity), which, presumably, were initially in
equal footing? Our calculations and results cannot explain the “disappearance” of the an-
tifermions that existed in the early universe, however it hints of why at the present epoch
the fermions – the quarks and leptons that constitute matter – have positive intrinsic parity
(our estimate is 1020 positive for 1 negative parity fermions) and any produced antifermion
has a negative intrinsic parity, although the calculations show that at the early universe
fermions and antifermions existed in a superposition of both parities entangled the helicity
states. Otherwise, on the non-relativistic limit the mutual information is null: any quan-
tum correlation between the particle/antiparticle character and the state spin-polarization
vanishes. It corresponds to an issue that can be reproduced, from the mathematical point
of view, by a Foldy-Wouthuysen unitary transformation [14]].
Finally, we point out the essentiality of the present framework [5, 6], where it was as-
sumed that the Dirac equation and the spinors describe the dynamics and the state of a
massive particle carrying two qubits of information, the helicity and the intrinsic parity.
That approach permits quantifying the quantum correlation and the entanglement between
the particle/antiparticle degrees of freedom. Moreover, we believe that it might be relevant
discussing the destruction of the “mirror” symmetry (external parity or left/right-handed
character) in particle decays involving electroweak interactions, a point that certainly de-
serves to be scrutinized in the subsequent investigations.
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